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Abstract
Foams, a two-phase dispersion, are staples of the cosmetic, personal care, petroleum,
pharmaceutical, and other industries. Central to these applications is the stability of the
dispersion against separation. Foams break down by two mechanisms: the first is bubble
coalescence, which is driven by the gravity drainage of the continuous phase. The drainage acts
to push the bubbles against each other, and leads to the formation of thin lamellae, which break
and cause the coalescence. The second is the mass transfer of the dispersed phase through the
continuous phase, which is caused by the difference in pressures between the bubbles and
droplets due to their size differences. This causes the smaller bubbles to disappear and the larger
bubbles to grow (Oswald ripening or coarsening). Coalescence can be significantly retarded by
the use of surfactants which adsorb onto the interfaces of the phases and create a disjoining
pressure, stabilizing the thin lamellae. Surfactants have a much smaller effect on coarsening.
However, colloidal particles, which also adsorb onto the surfaces of the bubbles and droplets,
have been reported to retard both coalescence and coarsening.
We developed a system using microfluidic flow-focusing devices to generate monodisperse, vertical 2D foams and capture the drainage, coalescence and coarsening processes in
high resolution. Our analysis yields a quantitative look at both the size gradient in plateau
borders as the continuous phase drains and at the reduction in coalescence and coarsening rates
in foams. This microfluidic system can be modified to be applied to particle-stabilized foams,
emulsions, and Pickering emulsions.
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Chapter 1
Introduction and Research Scope
1.1 A Brief Review of Foams and Their Applications
Foams are dispersions of gas bubbles in a continuous liquid phase.[1] The volume
fraction of liquid, , in foams can vary from “bubbly” liquids (ϕ>0.5) in which the liquid fraction
is relatively high and the bubbles are spherical, to “wet” dispersions (0.5<ϕ<ϕc, where ϕc is the
jamming transition for close packed spherical shapes, ϕc≈0.25), to “dry” foams <ϕc in which
bubbles pack and deform and finally adopt polyhedral facets under the driest conditions (<0.05)
(Fig. 1.1 (a)-(e)). [1-7]

(a)

(b)

(c)

(d)

(e)

Figure 1.1 The spatial microstructures of a fluid dispersion as a function of the volume fraction ϕ of the
continuous phase: (a) the dilute regime, (b) the wet regime up to the jamming transition, (c) dry foams with thin
lamella and (d) polyhedral very dry foams. The plateau borders and nodes are shown in (e) for the polyhedral
state.

Foams are objects of fascination (floating soap bubbles), and familiar complex fluids in
daily life, appearing in many edible food products (e.g. whipped cream and the “heads of beer”)
as well as consumer and personal care products (e.g. fire retardants, shaving creams, and
cosmetics). They are especially relevant in cleaning, as lathers used to lift dirt in skin cleansing,
laundry cleaning and hard surface cleaning. In addition, they appear and are critical to many
industries particularly in separation processes.[1, 3, 5] In mineral floatation, rising bubbles are
used to capture mineral particles from a suspending liquid in a column; the particles adsorb to the
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bubble surfaces and are floated to the top of a column where they form a froth, which is
recovered to separate the particles. In foam fractionation, bubbles rising in an aqueous phase
capture hydrophobic molecules in the liquid onto the bubble surfaces; the bubbles float to the top
forming a dense foam that can be removed to strip these molecules from the liquid. Foams are
also the precursors of solid composite materials in which the liquid phase becomes solidified,
typically through polymerization, trapping the gas bubbles. Examples include polystyrene foams,
which are used as insulating materials (e.g. polystyrene cups) in which the low conductivity of
the composite is due to the presence of the bubbles in the solid. In addition to their low thermal
conductivity, the presence of bubbles in the composite makes them lightweight and
compressible, suitable for packing and stuffing materials and sponges. [1, 3, 5]

Figure 1.2 Structures within foam shown in a 2D wet foam.

Bubbles in foam are separated by liquid films called lamellae (Fig. 1.1, 1.2). The
junctions between these films are called plateau borders (Fig. 1.1, 1.2).[2, 4, 7] All the liquid in a
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foam is contained in the lamellae and plateau borders, which means all drainage in a foam occurs
in the lamellae and plateau borders.[2, 6, 7] They act as a liquid network around the gas bubbles,
displaced in their drainage path similarly to the way gravel or sand forces water around its
particles as the water is pulled down by gravity.
Foams are characterized by a large gas/liquid surface area per unit volume.[1, 2, 4, 6, 7]
As the gas/liquid interface requires energy to create (computed as the interfacial tension, ,
multiplied by the interfacial area), foams are fluids with a large interfacial surface energy per
unit volume.[1, 2, 4, 7] As such they are subject to breakdown or separation into separate gas and
liquid phases through processes which reduce the large interfacial area. Two of these processes
are gravity-driven coalescence and bubble coarsening through Oswald ripening.[2, 4, 6, 7] In
gravity-driven coalescence, liquid drains downward and bubbles rise upward due to buoyancy.
Thus at the top of the foam a dry dispersion forms in which the bubbles become separated by
thin lamellae which arrange a polyhedral structure. These lamellae can rupture due to thermal
fluctuation forces.[2, 6, 8] In the case of aqueous dispersions, foams can be stabilized by
surfactants dissolved into the aqueous phase.[9, 10] Surfactants are molecules with a polar
(hydrogen bonding) and nonpolar (hydrophobic) groups.[1] Typically the hydrophobic group is a
tail comprised of a methylene chain (-CH2-). The polar groups can be charged. Surfactants
adsorb from the aqueous phase onto the bubble interfaces where they lower their energy as they
form a monolayer in which the chains extend into the air phase and the polar groups remain
immersed in the liquid.[1, 2, 4] The monolayer, particularly when charged, gives rise to repulsive
forces between opposing bubble interfaces that prevent the bubbles from coalescing.[4, 7] In
bubble coarsening, gas transports from smaller bubbles to larger bubbles because of the larger
Laplace pressure in the smaller bubbles.[6, 11-14] The greater pressure leads to a higher
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saturation of gas in the liquid around the smaller bubbles relative to the larger bubbles leading to
a gas transport from the smaller to the larger bubbles across the liquid films separating the
bubbles. Surfactants again can stabilize this coarsening as monolayers of surfactant adsorbed
onto the bubble surfaces resist interfacial area change through the elasticity of the adsorbed
monolayer.[6, 11-14]

1.2 Scope of Research
The research focus of this work is concerned with aqueous surfactant-stabilized foams
developed as lathers in the personal cleansing industry where a premium is placed on generating
foams of a rich texture (low liquid fraction) with a “creamy” feel and relatively long lifetimes

(a)

(b)

(c)

Figure 1.3 (a) the lathering into a richly textured foam in personal cleansing, (b) detergent and cleansing acting
of foam, (c) the foam analyzer used to interrogate foaming ability of surfactant dispersions in the personal
cleansing care industry (from Unilever brochure).

(Fig. 1.3 a,b). Research on foam collapse is integral in this industry, and is particularly directed
at the development of surfactant formulations which ensure both the generation of a rich foam on
lathering, and a foam with a relatively long lifetime not prone to collapse.[3, 5] In the personal
cleansing industry, foam stability has largely been assessed in three dimensional (3D) systems by
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macroscopically measuring the height of a foam over time as gravitational collapse takes place.
In addition, the microscale picture of the foam during collapse is visualized on the length scale of
the bubbles using foam analyzers (Fig. 1.3 c) – standards in the industry, in which foam is
created by gas purging through a fritted glass in a aqueous surfactant filled column and light is
passed through the column to illuminate the generated foam for visualization. [3, 6, 11, 15, 16]
This thesis focuses on using microfluidics and developing a microfluidic “chip” to form
two dimensional (2D) aqueous foams and to visualize the foam collapse due to gravitational
drainage. In microfluidics (Fig. 1.4),
Inlet Port

fluids move through networks of channels
Exit Port

and chambers tens to hundreds of microns

Microfluidic
channels

in depth and width that are fabricated in
transparent
polydimethylsiloxane
monolith

transparent

substrates.[17]

Channel

designs allow the production of droplets
Figure 1.4. Schematic of a microfluidic chip.

of uniform

and

controlled size by

detaching droplets at orifices (flow-focusing), inserted capillaries and channel “T” junctions.[17]
Detached droplets move in single layers because of the small depth of the channels, forming a
2D foam, and the transparent substrates allow the bubbles to be visualized using optical
microscopy in great detail since the 2D geometry allows the foam structure to be clearly
discerned without the interference of neighboring bubbles encountered in a three dimensional
foam.[17-19] The ultimate goal is to use this chip as a diagnostic tool to assess the efficacy of
surfactant formulations in stabilizing the foams against breakdown. Assessing the stability of a
foam or emulsion can help manufacturers of personal care or cosmetic formulations create
products that provide a better customer experience or are longer lasting. The ability to track the
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drainage of the continuous phase can provide data regarding the gradient of composition and
disjoining pressure, all in the context of reproducible experiments.
While there are multiple methods for creating 2D foams, microfluidics presents as an
obvious choice. Microfluidic devices can be reliably and inexpensively reproduced, a benefit
should the devices turn out difficult to reuse.[17-19] Indeed, in the research reported in this
thesis, the devices did frequently become unsuitable for repeated experiments, largely due to the
limited time that the surface can remain hydrophilic and to an unclear amount of surfactant
remaining in the device even after repeated flushing with water. Some devices had issues with
contaminants clogging the flow focusing orifice or surfactants reacting with the surface,
rendering the devices unusable. Another benefit was that the small scale required a small amount
of material; most experimental runs used less than 3-5 mL of surfactant solution and roughly 2-3
times that volume of nitrogen, measured at ambient pressure. A key advantage of microfluidic
systems for our purposes is the consistent optics of a microfluidic system, as microfluidic
devices are made of transparent materials. The foam was easily photographable.
A long-range goal in the design process was to develop an adaptable tool or chip that
could be used for examining drainage in systems beyond surfactant-stabilized foams of air in
water. The parameters optimized in this study for air-in-water foams can be adjusted to support
foams stabilized by nano and micro particles as well as emulsions stabilized by surfactants or
particles.
An outline of this thesis is as follows. Chapter 2 details the design and fabrication of the
microfluidic chip for making the 2D foam, and the experimental arrangement and protocol for
imaging the gravity-driven drainage of the foam. Chapter 3 provides sample images of the
bubble formation and collection of bubbles in a wide observation chamber to form a foam and
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images of the drainage, and provides the procedures of how the image analysis is undertaken to
obtain the details of the foam microstructure. Chapter 4 provides the major results on the
evolution of the foam microstructure in the form of histograms of the elements of the
microstructure (bubble volumes, Plateau borders), and graphs of averages of the microstructure
from the bottom to the top of the foam. This detail is the principal object of this study. Finally,
Chapter 5 provides a perspective on future work that can be undertaken with this chip.
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Chapter 2
Design of the Microfluidic Cell and Experimental Set-up and Protocol
To study the dynamics of foam collapse due to gravity driven drainage and coalescence,
we develop a transparent microfluidic chip which produces on chip a 2D foam. The general
design of the chip is to first
produce,

in

orientation,
bubble

horizontal
bubbles in a

production

section

using flow focusing (Fig. 2.1).
The bubbles emerge from the
Figure 2.1 The general layout of the microfluidic chip.

orifice of the flow focusing
section into a channel as a

bubble train, which is directed into a wide chamber (the observation section) where the bubbles
assemble to a particular liquid fraction as a “wet” dispersion (0.5<ϕ<0.3) (Fig. 1.1). The chip is
then oriented vertically to drive the gravity induced drainage and coalescence of the 2D foam
which is imaged and recorded. In contrast to the imaging of the gravity driven drainage and
coalescence of a 3D foam, the events in a 2D foam are more clearly discerned since the stacking
of bubbles on top of one another in the 3D configuration can obscure clear views of changes in
liquid fractions due to drainage and the redistribution of the bubble sizes as coalescence
proceeds.
In this chapter, we first describe (Sec. 2.1) the microfluidic network design which
incorporates the formation of the bubbles and their assemblage as a wet foam in a chamber. We
then describe the method for fabricating the chip (Sec. 2.2) and finally (Sec. 2.3) the set-up
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which incorporates positioning equipment for rotating the chip to a vertical position and an
optical train for imaging and recording the foam drainage and coalescence events.

2.1 Design of Microfluidic Cell
Flow focusing (Fig. 2.1, 2.2) is chosen as the bubble manufacturing technique, rather
than utilizing a T-junction, as the pinching orifice dramatically reduces the average distance a
surfactant molecule needs to travel from the bulk to
reach

the

adsorption

interface,
of

the

ensuring

surfactant

more
at

the

thorough
interface

immediately at formation. The chip is designed with a
channel depth of 250 microns, and inlet channels into
the flow focusing orifice 200 and 250 microns wide
and an outlet from the orifice which is 250 microns in
Figure 2.2. The flow focusing orifice is at the
intersection of two continuous phase inlets
(blue; 200 microns wide) and the dispersed
phase inlet (red; 250 microns wide). Arrows
indicate direction of flow. The pressure forces
the two phases through the orifice (yellow; 50
microns wide, 100 microns in path length)
generating bubbles.

width. With the flow rates used this forms roughly
350 micron diameter bubbles adopting a disk-like
shape in the channel downstream from the flow
focusing orifice.
We developed multiple layouts for our

microfluidic devices, adjusting parameters to fine-tune our bubble manufacture and to explore
different geometries of foam collection chambers (Fig. 2.3, next page). Two of our designs were
utilized in more experiments. Both incorporated a secondary inlet feeding into the channel
upstream of the collection chamber. This secondary inlet was used to increase the wetness of the
foams without requiring a higher liquid flow rate at the flow focusing point. The air and liquid
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flow rates were maintained this way at the desired values for formation frequency and bubble
size without sacrificing the desired void fraction in the chamber.

a)

b)

c)

Figure 2.3. The two devices layouts predominantly used (a and b) and a closer look at the flow focusing
arrangement (c).
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2.2 Soft Lithography Fabrication of Microfluidic Cell
To make the microfluidic devices, first a polymer mold, referred to as a ‘master’, was
made using soft lithography. Soft lithography operates by exposing a UV sensitive photoresist to
UV light, polymerizing the exposed portions of the photoresist to give a desired pattern. First, the
photoresist is placed on a substrate. This is commonly done by spin coating, but can also be done
by laminating premade photoresists of a desired thickness onto the substrate. A photomask with

UV light

(a)

(c)

(b)

(d)

SU-8

Transparency Mask

Silicon wafer

PDMS

Figure 2.4. Soft lithography process. UV light shown through a photomask (a) imparts a pattern in the SUEX
sheet or spin-coated SU-8 photoresist (b). PDMS is then poured over the photoresist mold and cured (c). The
PDMS is removed from the substrate with the desired pattern imprinted (d)

a negative image of the design is placed over the photoresist (Fig. 2.4). The mask will allow UV
light through to the photoresist where polymerization is desired.
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Antimony plates, our substrate, were cleaned with acetone (Sigma-Aldrich), isopropanol
(Sigma-Aldrich), and milli-Q water and then dried on a hotplate set to 90 degrees Celsius. A 250
micron-thick SUEX epoxy photoresist sheet obtained from DJ Microlaminates was then
laminated onto the antimony plate. The design of the particular desired microfluidic device was
placed onto the SUEX sheet with a photomask produced by CAD/Art Services, Inc., according to
our design files. These design styles or masks are the ones shown in Fig. 2.3.
Following exposure to the UV light (OAI), the nearly completed master sits for a 10minute bake on a hotplate set to 90 degrees Celsius, followed by a 3-hour bath in the developer
propylene glycol methyl ether acetate (Sigma-Aldrich). The master is cleaned with isopropanol
and inspected under a microscope to check for defects.
Once the master is made, the device itself can be made by pouring PDMS (Sylgard, Dow
Consumer Solutions) over the master. The petri dish (glass, Corning, 150 mm) containing the
master and the still liquid PDMS is placed in a vacuum chamber. Using an attached air
compressor, the pressure is significantly reduced in the chamber for a period of 30-60 minutes,
or until all visible air bubbles in the PDMS have risen to the surface and popped. The PDMS is
then cured at 70 degrees Celsius for three hours, at which point it has polymerized. A scalpel is
used to separate the PDMS with the device design from the excess PDMS and the device portion
is then pulled from the master. The inlets and outlet holes are punched out of the PDMS using a
1.5 mm OD biopsy punch (Integra Miltex).
Completed microfluidic devices are assembled from a 50X75 mm glass slide (Corning)
and the previously prepared PDMS via plasma cleaning. First, the glass slide is cleaned by
spending an hour or longer in a 0.3 M HCl bath (Sigma-Aldrich) before being rinsed with milli-
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Q water. The glass slide and the PDMS are both placed in the chamber of the plasma cleaner
(Harrick).
Plasma cleaning is a surface modification technique that utilizes the reactivity of plasma
to essentially lift off primarily organic impurities, leaving behind a cleaner surface. A bench top
model of plasma cleaner, like the one used for our purposes, operates by using a vacuum pump
to remove air from a chamber. The low-pressure gas in the chamber is then excited to break
down some of the molecules into plasma: ions, atoms, radicals, electrons and photons. The
photons give plasma its characteristic glow, usually blue or purple. The reactive species of the
plasma are adept at breaking most organic bonds, splitting organic contaminants from the
substrate. If the substrate is glass, this leaves surface hydroxyl groups, a reactive and perfectly
hydrophilic surface, behind. PDMS is also left with reactive surface hydroxyl groups following
plasma cleaning. This aspect of plasma cleaning enables its use for binding PDMS to glass to
create microfluidic devices.
To ensure the glass slide used is completely dry, the air pump (JB Platinum) is run for
five minutes with the chamber not fully sealed, allowing a flow of air to run through the
chamber. The chamber is then sealed and the air pump lowers the pressure of the chamber to
near vacuum so that the plasma cleaner can operate. After exposing the glass slide and PDMS to
plasma for 45 seconds, the cleaner is turned off and the pressure in the chamber is quickly
returned to that of the room. Carefully yet expediently, the PDMS is placed “face-down” and
centered on the glass slide, with the molded portion down towards the glass. This creates
enclosed channels and chambers within the device. Slight pressure can be applied to the edges to
ensure contact and therefore bonding between the glass and the PDMS. The assembled device is
then placed in a 70 degree Celsius oven for 5-10 minutes to ensure proper bonding.
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The assembled device is not yet suitable for experiments with water as the continuous
phase, as PDMS is hydrophobic (contact angle of 106 degrees) and glass is hydrophilic (contact
angle of essentially zero). This can cause the air and water phases to separate in the z-direction,
with air bubbles trapped on the PDMS surface with water running underneath along the glass. To
remedy this, the interior of the device is functionalized with a hydrophilic silane. First, the device
is filled with a 0.2 M HCl solution and is left to react for 15 minutes. The acid is then flushed out
with

milli-Q

water

and

the

device

is

filled

with

2-[methoxy(polyethyleneoxy)6-

9propyl]trimethoxysilane (Gelest). The silane is left to react for 15 minutes, after which the
device is flushed again with water and is ready for use with water as the continuous phase. The
surfaces of both the PDMS and the glass are now covered in a monolayer of silane (contact angle
of approximately 29 degrees as measured with a contact angle goniometer for the glass slides).

2.3 Experimental Protocol
Teflon tubing (Fisher) with outer diameter 1.5 mm is inserted into the inlets and outlets of
the device. The water inlet is connected to a syringe pump (Harvard apparatus) to flow the
aqueous surfactant solution into the device. The surfactant used for our experiments was sodium
dodecyl sulfate, or SDS (Sigma-Aldrich). Surfactant concentration varied between 5.7 mM and
82 mM, or between 0.7 and 10 times the critical micelle concentration (CMC) of SDS. The
airflow is provided by a compressed nitrogen tank controlled by a piezoelectric pressure control
system (Elveflow). The liquid and gas phases are directed into the flow focusing point,
generating bubbles. (Fig. 2.1, 2.2) Typical values for the liquid flow rate into the flow focusing
point are 45 uL/min, +/- 10 uL/min. The airflow is maintained at a constant pressure near 0.8 psi.
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The device is first operated in a horizontal orientation under an upright microscope
(Nikon POL polarizing microscope) and imaged 4x and 10x with a high speed camera (Photron).
Bubble manufacture was monitored by focusing the camera at the flow focusing point. The
bubbles are allowed to fill the chamber to form a wet foam after which the device is ready for a
vertical orientation to study the drainage process.
After the wet foam has been formed in the chamber, chip was then placed in a 3D printed
holder mounted to a rotating platform (Klinger Scientific). The platform was secured to a clamp
on a stabilizing rod (Newport), thus placing the platform perpendicular to the table. The
platform’s rotation allowed for the device to be parallel or perpendicular to the table or any angle
in between. (Fig. 2.5, next page provides an illustration of the rotation, which is a unique feature
of the apparatus) The orientation of the device relative to the platform, as in which “end” of the
design was closest to the platform, was determined by how the device was placed in the holder.
Multiple orientations were explored to explore whether the dimensions of the foam collection
chamber impacted the breakdown of the foam.
Once the device was secured in the holder, image capture could begin. The device was
positioned between a light source (Oriel) and a camera (Canon Rebel T6). The camera captures
images in both video recording and snap-shot (single image) modes with a maximum resolution
of 5184 x 3456 pixels. While recordings were taken for the immediate times (< 1 minute)
following the vertical orientation of the chip at a video rate of 20 frames per second to examine
the immediate drainage of the wet foam and the formation of the textured foam head, single
shots were taken afterwards to examine the collapse.
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a)

b)

c)

d)

e)

f)

g)
Figure 2.5. A completed and treated microfluidic device filled with wet foam at different points in its rotation midcollapse, demonstrating the bubbles maintain mobility.
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The light was dispersed for even lighting by the use of a frosted glass (Thor Labs). (Fig. 2.6) The
frequency with which the photos were captured depended on the stability of the foam. For
surfactant concentration values near or under the CMC, the foams collapsed more quickly and
photos were taken every 5 seconds. For the higher surfactant concentrations, coalescence events

Figure 2.6. The experimental set-up showing the light source and frosted glass and camera mount for the
optical train and the device holder and tilting mount for the holder.

occurred much more slowly, and photos were taken every 10 seconds. The images were stored
on an external hard drive (Seagate) for later analysis.
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Chapter 3
Visualization and Image Analysis Procedures
In this chapter, we first provide some data, in the form of images, that are recorded
corresponding to the flow focusing formation of the bubble train, and the development of the
bubbles into a wet dispersion in the observation chamber downstream of the flow focusing
orifice (Sec. 3.1). The chip during the bubble production and foam formation phase in the
observation chamber is oriented horizontally, and the images are taken using a microscope under
10X magnification and a high speed camera. The second section of this chapter (Sec. 3.2)
provides sample pictures of the gravity driven foam collapse in the observation chamber during
vertical orientation of the chip (and with images obtained using the optical illumination train).
The third section (Sec. 3.3) describes the image analysis procedures that are used to provide
quantitative descriptions of the foam. The details of the experimental setups and protocols are all
described previously in Chapter 2.

3.1 Images of Bubble Formation and Collection in Chamber
The bubble formation process at the flow focusing orifice (and the chip horizontally
oriented) was verified and monitored by imaging using an upright microscope (Nikon) and high
speed camera (Photron) as described in Chapter 2. Bubble diameters follow a distribution, even
when parameters (liquid flow rate and air pressure) are maintained at near constant values. This
is due to slight deviations in pressure at the flow focusing point as bubbles pinch off and are
formed and as the PDMS bends under the pressure exerted outwards by the liquid and gas. Our
bubbles used for experiments were almost all initially formed with diameters between 350-400
microns, with some outliers as liquid and air flows started and stopped and as some bubbles
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coalesced while the device was still in its horizontal orientation. Images of the bubble train
downstream of the flow focusing orifice are given in Fig. 3.1a. As viewed in the figure, the air
enters from the right of the flow focusing orifice and the aqueous phase from the top and bottom.

Figure 3.1 (a) Production of mono-disperse bubbles at the flow focusing orifice. The bubbles are formed at the
flow focusing point and the proceed down a channel and towards the collection chamber. Image taken with the
inverted microscope at 4X magnification and Photron high speed camera. (b) The wet foam assembling in the
observation chamber. Bubbles in chamber. Diameters range from 300-500 microns. Median diameter is ~ 400
microns.

The air takes on a dark color in the images due to the differences in the index of refraction
between the air and water. The center of the bubbles is however bright due to the light passing
perpendicularly through the bubble center. Fig. 3.1b provides an image of the bubbles as they
collect in the observation chamber. As the chamber is much larger than the field of view, this
picture only shows a portion of the wet foam. Note that some of the bubbles have coalesced as
they move into and fill the observation chamber, and this coalescence accounts for the fact that
the dispersion is not monodisperse. In undertaking the experiments, runs were frequently
repeated in order to obtain a wet foam that was reasonably monodisperse.
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3.2 Images of Foam Microstructure
Images of the gravity driven drainage and coalescence of the foam are obtained after the
chip is placed in the
rotating

holder

in

the

optical train arrangement
and

oriented

vertically.

These images are taken
with the megapixel camera
as explained in detail in
Chapter 2. When the chip
is oriented vertically, the
bubbles in the observation
chamber quickly rise to
the top forming a “wet”
(a)

(b)

Figure 3.2 Image of foam after vertical orientation showing the entire
chamber and the formation of the head and clear liquid at the bottom. (a) is
at t=0, immediately after vertical orientation and (b) is at 1 min.

head with clear liquid at
the bottom. This is shown
in Fig. 3.2 a, b which
shows the entire width and

length of the chamber in vertical orientation immediately after the change in orientation and 1
minute after. With time liquid then further drains and the height of the clear liquid layer at the
bottom increases as the liquid drains from the top to the bottom.
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The microstructure of the foam head is provided in great detail by the megapixel camera
which takes advantage of the clear images provided by the microfluidic cell. A sample of this
detail is shown in Fig. 3.3a; this picture spans the entire width of the chamber after the aqueous
phase has noticeably drained from the top of the chamber. Near the top the foam is dry and the
dispersed phase taken on multi-faceted shapes. In the center of Fig. 3a, the drainage is less and
the bubbles are more spherical. A detail of this center region is shown in Fig. 3b which shows the
Plateau borders and the separating lamellae. The large population of nearly equally sized bubbles
represents the bubbles formed at the flow focusing orifice.

(a)

(b)

Figure 3.3 Identifications of plateau borders, flow-focusing formed bubbles and coalesced bubbles (b) is an insert of
(a)

3.3 Image Analysis of Bubble and Plateau Border Populations
Once the time-lapse photos of the foam were taken, the images were processed using the
Fiji version of ImageJ. The images were cropped to an appropriate area, focusing exclusively on
the bubbles to eliminate the need for cleaning up the edges of the image later. Despite efforts to
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generate images with no noise or errors, there remained some optical contaminants: dust and/or
defects in the device that showed up as dark dots in the bubbles, light patches in the lamellae
where the curves of bubbles’ edges fell tangent to the path of the light, and a gradient in the light
intensity from the center out to the corners of the image. These inconsistencies made it
impossible to complete a global manipulation such as a threshold, as they generated more errors,
usually in the number and size of bubbles identified by the software.

(a)
(b)
Figure 3.4. Trainable Weka Segmentation takes an image (a) and, using machine learning and user input,
generates a classified image (b). Once properly trained, the classifier can be applied to any image in the same
format as its trained image. Our classifier was trained on a grey-scale image of a mono-disperse foam in the
early stages of collapse (a).

To circumvent this, a more localized approach was used. Trainable Weka Segmentation
(Fig. 3.4) is an ImageJ plugin, developed by Arganda-Carreras et al. using algorithms from
Waikato Environment for Knowledge Analysis (WEKA), that combines user input and machine
learning to identify user designated characteristics within images. The software was trained to
identify all bubbles, plateau borders, and other liquid inclusions as “class one”, while all lamellae
were marked as “class two”. This allowed for the expedient reassignment of the incorrect pixel
values to eliminate the otherwise detrimental aberrations.
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The classified image was then converted to a binary image along the classification lines
and then was inverted to make the lamellae black and the rest white. Now binary, the image can
be processed using the Watershed Irregular Features plugin, part of the BioVoxxel Toolbox
(Brocher and Wagner), to create distinct regions following the lamellae. Those regions are then
measured by using the Analyze Particles function of ImageJ, returning a map of “particles” and a
table of data, including the area and (centroid) location of each “particle”. The “particles” are the
plateau borders, bubbles, and liquid inclusions of interest. The area and location, specifically the
height measured from the top of the cell, are used to analyze the bubbles and plateau borders. An
example is given in Fig. 3.4 (next page) starting with the original image shown in Fig. 3.2b. The
image processing was expedited with a Python script operated within ImageJ. That code is
provided in the Appendix. The information in the resulting table was transferred to Matlab and
Microsoft Excel for analysis.
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a) Cropped and greyscale

d) Inverted

b) Weka classified

c) Binary

e) Watershed

f) Analyze Particles

i) Table
Figure 3.5 ImageJ analysis process at each step.
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Chapter 4
Bubble-scale Structure of Foam and Drainage Analysis
The aim of this chapter is to use the images of the gravity-induced drainage of the 2D
foam generated in the observation chamber of the microfluidic chip when it is oriented vertically
to obtain quantitative information on the drainage. This quantitative information is obtained by
using the image analysis procedures detailed in the prior section, where the volumes (areas) of
the bubbles (coalesced and non-coalesced) in the foam and the Plateau borders are individually
identified and located in the foam. We choose one particular example of a gravity induced foam
collapse of an SDS stabilized foam. In Sec. 4.1 we first detail a sequence of images in time of the
collapse and histograms of the distributions of two dimensional objects in the foam including the
bubbles and liquid voids constituting the Plateau borders and the separating lamellae. In Sec. 4.2,
from these histograms, we then perform horizontal averaging to obtain the Plateau border area as
a function of position from the top to the bottom of the 2D foam. These Plateau border area
profiles are obtained for different times and provide one metric of the drainage. A second metric
of the drainage, also obtained in Sec. 4.2, is obtained by measuring from the images the changing
height of the liquid underneath the foam head as a function of time. We then compare these two
metrics to provide a detailed description of the foam drainage process.

4.1 Evolution of Foam Microstructure During Drainage
Fig. 4.1, a-h shows a time lapse sequence of images starting from when the device is first
oriented vertically (t=0), through drainage and collapse with the last time equal to 314 min. The
time sequence makes clear how the foam collapses with the top of the foam draining to the point
of a very dry foam where the bubbles become faceted objects separated by thin lamellae that
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a) t=0 min

b) t=1 min

c) t=6 min

d) t=16 min

e) t=36 min

f) t=76 min

g) t=156 min

h) t=314 min

Figure 4.1 Time lapse of foam collapse. Cropped to show portion of chamber containing bubbles. The yellow boxes
(a and g) show the region analyzed by the methods outlined in Chapter 3.
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eventually break leading to bubble coalescence. As a result a large air space begins to develop at
the top of the foam which is the growing white region at the top of the column. Concomitantly,
the drainage leads to a larger clear liquid volume at the bottom of the observation chamber.
Looking at the images of the foam, it is clear that there is a size distinction between the
plateau borders, the initial mono-dispersed bubbles, and the coalesced and coarsened larger air
bubbles. Fig. 4.2 shows, for the images in Fig. 4.1, histograms of all the closed segments binned
according to area (pixels^2) and shows three distinct populations. For the images and data set
shown above, 1.0 mm corresponded to 71.54 pixels in length. For t=1 min, the plateau border
distribution is centered around 20 pixels^2, or 0.00391 mm^2 (3910 microns^2). The monodispersed bubbles have a median near 720 pixels^2, or 0.14 mm^2. The larger air bubbles have
no central value, as there are far too few of them to have statistical significance. Anything over
1,120 pixels^2, or 0.22 mm^2, was considered a larger air bubble that had already coalesced or
coarsened significantly. As is clear from the histograms, over time, the foam collapses,
decreasing the number of plateau borders and bubbles as well as the foam height.
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Plateau
Borders

Mono-dispersed
Bubbles

Coalesced
Bubbles

a)

Plateau
Borders

Mono-dispersed
Bubbles

Coalesced
Bubbles

b)

Plateau
Borders

Mono-dispersed
Bubbles

Coalesced
Bubbles

c)

Plateau
Borders

Mono-dispersed
Bubbles

Coalesced
Bubbles

d)
Figure 4.2 Histograms of plateau border and bubble sizes in pixels^2. At t=0 min (a), the plateau borders and larger
liquid inclusions display a much wider distribution than at later times. This is because at t=0 min, the bubbles were
still rising. By t=1 min (b), the average size of the plateau borders has decreased as the liquid is displaced by more
tightly packed bubbles. As time continues, the number of plateau borders and bubbles decrease as the foam
collapses.
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4.2 Drainage Analysis
The histograms of figure 4.2 confirm that plateau borders and bubbles can be examined
individually using the image analysis process outlined in Chapter 3. By excluding by size, we
focus on specifically the plateau borders and plot them against their height in the chamber. Fig.
4.3 plots the areas of the Plateau borders (Pbs) as a function of the centroid of their position in
the column in the gravitational direction (which we term the height direction), with 0
demarcating the top of the column.

Figure 4.3 Plots of the plateau border sizes vs heights at t=1 min. The height measures from the top of the chamber
down relative to gravity. The vertical axes are inverted to orient the top of the graph to the top of the chamber.

From this plot the average Plateau border area along a horizontal direction can be obtained by
binning the entries over a particular binning height (delta h) which we choose here to be 60
pixels or 838 microns. The result of this binning procedure is shown in Fig. 4.4 along with the
standard deviations of the vertical position and the area.
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a)

b)
Figure 4.4 Plots of the plateau border sizes vs heights at t=1 min. The height measures from the top of the chamber
down relative to gravity. The vertical axes are inverted to orient the top of the graph to the top of the chamber. The
plot of the average area of the plateau borders averaged over vertical groupings of 60 pixels (838 um) (a), clear
associations are visible, as are outliers. Excluding a few experimental outliers near the top of the chamber (b)
provides the expected trend.
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The plot in Figure 4.4a demonstrates that a relationship between the size of a plateau
border and its height in the chamber forms early in foam drainage. It is also made clear that the
cut off of 400 pixels^2 (78160 um^2) for plateau borders includes some outliers. Reference to
the image analysis process given in Chapter 3 confirms several outliers are small bubbles, not
plateau borders. Upon averaging plateau border sizes over vertical groupings, the problem with
the outliers compounds. As explained in Chapter 3, once the plateau borders shrink to under a
certain size, ImageJ has extreme difficulty in identifying them. Without the smaller plateau
borders being included in the averaging process, these small bubble outliers are alone to skew the
average plateau border size at the top of the chamber. For this reason, those outliers can be
excluded.
The relationship between plateau border size and its height in a foam becomes more
disordered as the foam breaks down, largely due to the decrease in plateau borders to be
averaged. The graphs of figure 4.5 (following two pages) for the various times of the Plateau
border horizontally averaged profiles in combination with the histograms of figure 4.2 tell the
story that as the foam collapses, the plateau borders continue to shrink and disappear. They
maintain a size gradient going down the foam, though eventually the foam height and the number
of plateau borders diminish too greatly for there to be any statistical significance remaining.
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a)

b)
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c)

d)
Figure 4.5 Plots of average plateau border size vs height for t=0 (a), t=6 (b), t=16 (c), and t=36 (d).
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The foam stability can be considered a function of its height over time. At a certain
fraction of its original height, the foam has collapsed beyond the threshold of performing its
intended function. Figure 4.6 presents the height of the foam examined in this chapter over the
span of its 5 hour life. Foam collapse exhibits exponential decay, asymptotically approaching
zero.

Figure 4.6 Foam height over time. The collapse appears to be exponential in nature.

The microfluidic system developed accomplishes the goal we set out to achieve: the
system can be used to quantitatively assess the stability of a foam and to track its drainage. The
system can be used with a variety of surfactants. Modifications can be made to enable the system
for use in different systems; emulsions (both w/o and o/w), particle stabilized foams, and particle
stabilized emulsions have all begun to be investigated.
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Chapter 5
Conclusion: Future Work and Applications
5.1 Further Applications of Drainage Analysis System
The original motivation for developing our microfluidic system was specifically to assess
drainage and foam collapse in surfactant stabilized foams. The industry standard surfactant
sodium dodecyl sulfate (SDS) was used, and the physical nuances of the experimental design
catered to SDS stabilized foams.
Surfactant stabilized foams are not the only two-phase dispersions that experience
drainage and coalescence, and they are not the only dispersions used in industrial applications.
The food, cosmetic, and personal care industries all produce emulsions stabilized by surfactants
and/or particles; mayonnaise, cosmetic foundation, and skin lotions are all respective examples.
There is also motivation to shift away from surfactants in many applications and to instead use
particles as a more environmentally friendly option. All of these dispersions experience gravity
driven drainage. We have begun to explore adapting our microfluidic system for these different
dispersions.

5.2 Particle Stabilized Foam Systems
Using 1.0-micron diameter polystyrene and silica particles (Alpha Nanotech), we have
attempted to generate particle stabilized aqueous 2D foams in our microfluidic devices. Others
have made particle stabilized aqueous 3D foams [19, 22-31] that influenced our choices in
redesigning our microfluidic chip.
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Figure 5.1 Preliminary design for particle stabilized foam production and drainage analysis.

Our initial efforts with generating a particle stabilized foam were unsuccessful. An
unintended consequence of the preliminary design (Fig. 5.1) was the development of a pressure
gradient within the looping path between the flow focusing point and the collection chamber.
The path-length here was increased to allow more time for particles to adsorb at the interface, but
the malleability of PDMS was not taken into consideration. When fluid is flowed through the
device channels, the pressure from the fluid presses outwards on the PDMS walls of the channel,
usually increasing the area of the channel slightly. The loops in the new design were placed too
closely together, not allowing the walls space give outwards without compressing the

(b)
(b)
Figure 5.2 Armored bubbles at formation (a) and entering the collection chamber (b) at significantly
lower pressure and higher volume.

neighboring channel. This compounded the pressures from the bending walls. As our armored
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bubbles flow down this pressure gradient, they roughly double in volume. (Fig. 5.2) This reduces
the concentration of particles at the interface and weakens the bubbles against coalescence which
readily occurs in the chamber. Further refinement of the design will fix this issue.

5.3 Water in Oil (w/o) Emulsions
Water in oil emulsions (w/o) were chosen to examine the “inside-out approach” proposed
by Nie et al. [18] Exploring w/o emulsions required a different adjustment to our microfluidic
system. Glass is inherently hydrophilic. PDMS is inherently hydrophobic. By using a
hydrophobic continuous phase, the inside surface of the device no longer needed to be treated
with a silane. In order to circumvent the unfavorable interactions and inevitable phase separation
issues of using oil as the continuous phase with one surface hydrophilic, a layer of flat PDMS
was placed between the glass slide and the molded PDMS containing the device design, creating
an entirely hydrophobic interior to the device.
Surfactants and particles have been used to stabilize both w/o and o/w emulsions and
have been investigated extensively [29, 32-40], including in microgravity environments in space.
[41-44] Further work needs to be done to optimize our system for studying surfactant stabilized
and Pickering emulsions, but our system will eventually contribute to the literature on these
dispersions.
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Appendix
Python code used in ImageJ:
from ij import IJ, WindowManager
from trainableSegmentation import WekaSegmentation
import Watershed_Irregular_Features
from ij.process import ImageConverter
def BubbleAnalyze():
# Defines the filepath to classifier.
classifer_path = "/Volumes/CM Lab Drive 1/Maldarelli Lab
Research/Foams_project_2018/Bubble_coalescence_photos/2018_12_11000/Edited photos for
analysis/12_11newclassifier.model"
# Select image to segment.
select_image = IJ.getFilePath("Select image for WEKA segmentation")
target = IJ.openImage(select_image)
# Launches weka segmentation.
weka = WekaSegmentation()
weka.setTrainingImage(target)
# Loads the manually trained classifier.
weka.loadClassifier(classifer_path)
weka.applyClassifier(True)
# Shows the segmented image.
segmentation = weka.getClassifiedImage()
segmentation.show()
# Converts to binary, runs watershed segmentation and analyze particles. Outputs area
measurements.
ImageConverter(segmentation).convertToGray8()
WindowManager.getCurrentImage()
IJ.run("Make Binary")
IJ.run("Invert")
IJ.run(segmentation, "Watershed Irregular Features", "erosion=1 convexity_treshold=0
separator_size=0-200")
IJ.run("Analyze Particles...", "size=5-Infinity circularity=0.0-1.00 show=Outlines display
summarize record")
BubbleAnalyze()
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